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Abstract
In Alzheimer’s disease (AD), one of the early responses to Aβ amyloidosis is recruitment of
microglia to areas of new plaque. Microglial receptors such as cannabinoid receptor 2
(CB2) might be a suitable target for development of PET radiotracers that could serve as im-
aging biomarkers of Aβ-induced neuroinflammation. Mouse models of amyloidosis
(J20APPswe/ind and APPswe/PS1ΔE9) were used to investigate the cellular distribution of
CB2 receptors. Specificity of CB2 antibody (H60) was confirmed using J20APPswe/ind
mice lacking CB2 receptors. APPswe/PS1ΔE9 mice were used in small animal PET with a
CB2-targeting radiotracer, [11C]A836339. These studies revealed increased binding of
[11C]A836339 in amyloid-bearing mice. Specificity of the PET signal was confirmed in a
blockade study with a specific CB2 antagonist, AM630. Confocal microscopy revealed that
CB2-receptor immunoreactivity was associated with astroglial (GFAP) and, predominantly,
microglial (CD68) markers. CB2 receptors were observed, in particular, in microglial pro-
cesses forming engulfment synapses with Aβ plaques. In contrast to glial cells, neuron
(NeuN)-derived CB2 signal was equal between amyloid-bearing and control mice. The pat-
tern of neuronal CB2 staining in amyloid-bearing mice was similar to that in human cases of
AD. The data collected in this study indicate that Aβ amyloidosis without concomitant tau
pathology is sufficient to activate CB2 receptors that are suitable as an imaging biomarker
of neuroinflammation. The main source of enhanced CB2 PET binding in amyloid-bearing
mice is increased CB2 immunoreactivity in activated microglia. The presence of CB2
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immunoreactivity in neurons does not likely contribute to the enhanced CB2 PET signal in
amyloid-bearing mice due to a lack of significant neuronal loss in this model. However, sig-
nificant loss of neurons as seen at late stages of AD might decrease the CB2 PET signal
due to loss of neuronally-derived CB2. Thus this study in mouse models of AD indicates
that a CB2-specific radiotracer can be used as a biomarker of neuroinflammation in the
early preclinical stages of AD, when no significant neuronal loss has yet developed.
Introduction
Alzheimer's disease (AD), which affects more than 5.4 million individuals in the United States
[1], is characterized by progressive deficits in memory, cognition and behavior that ultimately
lead to dementia [2, 3]. Neuropathological hallmarks of AD include the extracellular deposition
of β-pleated assemblies of Aβ peptide, forming senile plaques, and intracellular aggregates of
hyperphosphorylated tau protein, forming neurofibrillary tangles [4]. The pathophysiological
processes that underlie AD begin decades before clinical symptoms [5] with biomarkers of Aβ
amyloidosis changing 15–25 years before the onset of clinical symptoms [6]. Such long prodro-
mal stages of the disease provide an opportunity for early diagnosis and treatment if biomark-
ers reflective of early pathophysiological processes are available.
An early response to Aβ deposition is recruitment of microglia to areas of a new plaque,
which occurs within 24–48 hours of plaque deposition [7]. The localized microglial response to
fibrillar Aβ is characterized by upregulation of toll-like, prostanoid, and complement receptors
[8, 9] as well as de novo synthesis of other cell-surface receptors such as cannabinoid receptor
2, CB2 [10, 11]. One or more of those microglial receptors might be a suitable target for devel-
opment of a positron emission tomography (PET) radiotracer that serves as an imaging bio-
marker of Aβ -induced neuroinflammation. A number of CB2 radioligands have been
synthesized by several research groups (see for review [12]). Most published CB2 imaging stud-
ies describe substantial binding of radiotracer to the spleen and discuss the ability of the radi-
oligands to cross the blood-brain barrier as well as aspects of non-specific binding in control
rather than models relevant to AD. Whether these PET radiotracers can serve to study neu-
roinflammation, and particularly neuroinflammation in the setting of AD [13], is still unclear.
Researchers from KU Leuven University used animals that were stereotactically injected
with viral vectors that drove expression of human CB2 receptors in the striatum [14–16]. In
this condition, PET imaging revealed specific and reversible binding of CB2 radiotracers to
overexpressed human CB2 receptors [14–16]. The best radioligand of this series, [11C]NE40,
was studied in healthy human subjects [17], but [11C]NE40 did not demonstrate an increase of
CB2 binding in AD patients versus healthy controls [18].
The most recent CB2 radioligand, developed by the Sanofi and MNI groups, demonstrated
substantial specific binding (40–50%) in the control baboon brain and an increase in cerebral
binding in the baboon that was treated with the endotoxin, lipopolysaccharide (LPS) [19].
Abbott Laboratories has recently synthetized a selective CB2 agonist, A836339, with very
high CB2 binding affinity and excellent CB2/CB1 selectivity [20]. We radiolabelled A836339
with 11C and studied [11C]A836339 in vivo [21]. By using two animal models of neuroinflam-
mation, a lypopolysaccharide (LPS)-induced mouse model [22] and a transgenic amyloid
mouse model of AD (APPswe/PS1ΔE9 mice) [23, 24], we observed substantial specific binding
of [11C]A836339 in the dissected cortex and hippocampus [21]. The specific binding of [11C]
A836339 in the brains of LPS-treated mice was in accordance with previously described
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 2 / 23
Core Facility (www.hopkinsmedicine.org/micfac/)
provided access to confocal microscopes acquired by
an NIH shared instrumentation grants NIH Award#
S10 RR024550, S10 OD016374. Coauthor Andrew
Hiatt is employed by MAPP Biopharmaceutical Inc.
MAPP Biopharmaceutical Inc. provided support in the
form of salary for author AH, but did not have any
additional role in the study design, data collection and
analysis, decision to publish, or preparation of the
manuscript. The specific role of this author is
articulated in the ‘author contributions’ section.
Competing Interests: Co-author Andrew Hiatt is
employed by MAPP Biopharmaceutical Inc. There
are no patents, products in development or marketed
products to declare. This does not alter the authors'
adherence to all the PLOS ONE policies on sharing
data and materials.
upregulation of CB2 receptors in this model of neuroinflammation [25]. This observation
might be relevant to and consistent with findings from brain tissues from patients with AD,
which showed increased expression of CB2 receptors in areas of Aβ amyloid plaque deposition
[26]. However, detailed histological studies of CB2 receptor distribution in mouse models of
AD are lacking.
Here we use APPswe/PS1ΔE9 mice to characterize the distribution of CB2 receptors in dif-
ferent cells of the brain and assess suitability of this receptor as a PET biomarker of neuroin-
flammation. An additional APP transgenic model, J20 APPswe/ind [27] [28], is used to
characterize specificity of CB2 antibody by crossing them to mice that lack CB2 receptor. The
APPswe/PS1ΔE9 model used in PET studies reproduces important features of AD including el-
evated levels of Aβ (particularly more amyloidogenic Aβ1–42 peptide); aging-related accumu-
lation of amyloid plaques; reductions in neurotransmitter markers; age-related and Aβ-
dependent cognitive impairments [24, 29–31]. However, as most other APP mouse models of
AD, this model does not reproduce significant tau pathology or loss of neurons. Combination
of these features supports a view that even very old APP mice only appear to be good models of
early stages AD [32]. Nevertheless, both the APPswe/PS1ΔE9 and J20 APPswe/ind mice reca-
pitulate microglial activation and reactive gliosis induced by fibrillar and/or oligomeric forms
of Aβ [33] [7, 34–37], supporting the validity of these models for study of neuroinflammation.
Materials and Methods
Animals
This study was conducted according to NIH guidelines for animal care. All procedures for
APPswe/PS1Δ9 mice were approved by the Johns Hopkins University School of Medicine Ani-
mal Care and Use Committee. All experiments in J20/CNR2 mice were performed according
to procedures approved by the Feinstein Institute for Medical Research Institutional Animal
Care and Use Committee.
The PET experiments and immunohistological studies were performed at JHU using
APPswe/PS1ΔE9 bigenic transgenic mice, Line 85 [23, 24] (strain name: B6.C3-Tg(APPswe,
PSEN1dE9)85Dbo/Mmjax; Jackson Laboratory, Bar Harbor, USA) backcrossed to congenic
C57BL/6J background for more than 15 generations. APPswe/PS1ΔE9 mice express chimeric
mouse/human amyloid precursor protein (APP) (Mo/HuAPP695) with the double Swedish
mutation (K595N/M596L) and mutant human Presenilin 1 lacking exon 9 (PS1ΔE9) under
control of mouse Prion promoter [23, 24]. Male and female double transgenic mice were used
and compared to their age- and sex-matched non-transgenic littermates (NTG). All mice had
free access to food and water and were housed in automatically controlled light conditions
(light 7 am-9 pm). Animals were kept under these conditions until they were taken to the small
animal PET testing room, at least 2 hrs before the experiments, or before sacrifice.
An additional APP transgenic model, J20 APP [27] [28], was used in histological studies. J20
APPmice (Strain name B6.Cg-Tg(PDGFB-APPSwInd)20Lms/2Mmjax) express human APP
with the double Swedish and Indiana mutations under control of the human platelet–derived
growth factor β polypeptide promoter [27] [28]. These mice were crossed with CB2 knockout
mice lacking C-terminus amino acid positions 217 to 347 (strain name B6.129P2-Cnr2tm1Dgen)
[38] to receive J20/CNR2-/- and J20/CNR2+/+ mice and were used for testing the specificity of
an anti-C-terminal CB2 antibody (H60, SantaCruz). Paraffin slides from the brains of J20;
CNR2-/- and J20;CNR2+/+mice were kindly provided by Drs. Koppel and Davies (The Feinstein
Institute for Medical Research).
CB2 Receptors in ADModel
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Human tissue
Human AD and age-matched cognitively-normal brain samples were obtained from the Johns
Hopkins Medical Institution Brain Resource Center (http://www.ninds.nih.gov/research/
parkinsonsweb/brain_banks/brain_biospecimen_repositories.htm). The brains were examined
at the Division of Neuropathology, Johns Hopkins University and clinical diagnoses were con-
firmed by neuropathological examination. Tissue sections from right hippocampus were used
in this study.
CB2, NeuN, CD68, and GFAP immunofluorescent staining
The immunofluorescence staining was performed to study the presence of CB2 receptors and
their colocalization with neuronal (NeuN antibody), microglial (CD68) or astroglial (GFAP)
markers. The procedures were slightly modified from previous methods [39]. Groups of 3–4
APPswe/PS1ΔE9 mice and their control littermates were perfused intracardially with cold
phosphate-buffered saline (pH 7.6; PBS) under deep anesthesia. The brains were removed, cut
sagittally in a half. The left hemispheres were fixed by an immersion in 4% paraformaldehyde
in PBS at 4°C overnight, the hemispheres were washed with several changes of PBS, went
through 15% and 30% sucrose solution in PBS for cryoprotection, snap frozen in isopentane
on dry ice, and stored at -80oC. Sagittal sections (30 μm) were made on a freezing sliding mi-
crotome and stored in anti-freeze buffer at -200 C until use. Immunofluorescent staining with
primary antibodies was performed on free floating sections. After washing with PBS, sections
were blocked for 1 hr at room temperature (RT) in the blocker solution containing 3% normal
goat serum, 3% BSA (Sigma, USA), and 0.3% Triton X-100 in PBS, followed by incubation
with primary antibodies prepared in blocker. The incubation was started at RT for 2 hrs and
then continued at 4°C overnight. After thorough washing in PBS, sections were mounted on
the slides prior to application of secondary antibodies. Each slide included sections from both
non-transgenic and AD animals and incubated in a mixture of secondary antibodies for 1 hr in
RT. Before mounting slides with anti-faded mounting media (Invitrogen), sections were coun-
terstained with 4',6' diamino-2-phenylindole2HCl (DAPI). To control for non-specific label-
ing, the adjacent brain sections from ADmice were incubated only with secondary antibodies.
The frozen sections from human brains were processed the same way as mouse frozen sec-
tions described above. Paraffin slides from J20/CNR2-/- and J20/CNR2+/+ mice were from the
brains fixed with 4% paraformaldehyde in 0.1 molar PBS. After deparaffination of sections
with xylene and rehydration in ethanol and water, antigen retrieval was done by heating sec-
tions in 10 mM sodium citrate buffer. We used 2% nonfat milk in PBS for blocking a non-spe-
cific binding and for antibody preparations.
Antibodies
The following primary antibodies were used in different combinations: anti-CB2 receptor anti-
bodies raised against C-terminal amino acids 301–360 (Santa Cruz H60; 1:300) or N-terminal
amino acids 20–33 (Cayman Chemical # 101550; 1:300), CD68 (AbD Serotec; 1:400), Neu-N
(Millipore, 1:400), GFAP (rbGFAP Dako or mGFAP-71.1 Sigma; 1:400), and corresponding
goat anti-mouse, anti-rabbit and anti-rat Dylight 549, 633, and 488-conjugated secondary anti-
bodies (Jackson ImmunoResearch Lab, Inc, 1:400).
The main CB2 antibody used in our study (the C-terminal rabbit CB2R antibody from
Santa Cruz) has been previously validated by the lab of Dr. George Uhl (NIH) [40]. The pre-
adsorption and co-incubation of the CB2-R antibody with the immunizing peptide were per-
formed resulting in blocking CB2 immunostaining in the rat cerebellum. Western blot analyses
from mice brains revealed a major CB2-R band of approximately 53 kDa, with other visible
CB2 Receptors in ADModel
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bands around 37 kDa and 75 kDa, similar to those reported by Van Sickle et al. [41]. Cayman
antibody (the N-terminal rabbit CB2R antibody) has been previously verified for sensitivity
and specificity [42–44]. Similar to the Santa Cruz antibody, Cayman antibody revealed three
CB2-R bands (37, 44 and 59 kDa) when tested by Western blot of rat tissues [43]. Specificity of
Cayman antibody was confirmed in HEK cells transiently transfected with human CB2 [44]
and in CB2 knockout mice with deletion of the first three N-terminal domains [42].
Analyses of immunofluorescent images
Images from sections were first obtained using an epifluorescence Zeiss Axiophot microscope
with SPOT Imaging Advanced software. For each genotype and animal, two-three sections
were evaluated with lateral localization, 0.7–1.5 mm from a midline. For a more detailed analy-
sis of multiple immuno costainings, the slides were examined using a confocal Zeiss Axiovert
200 microscope with a Zeiss LSM510-Meta confocal module. Four lasers were used with excita-
tion wavelengths of 405 (diode laser; blue channel), 488 (argon laser; green channel), 542
(green HeNe; red channel), and 633 nm (red HeNe; far-red channel). The images were taken as
Z-stacks in Zen software, saved in LSM format, and analyzed with an open-source image pro-
cessing package Fiji ([Fiji Is Just] ImageJ) [45]. To correct illumination artifacts, the images
were processed using a “Subtract background” command. To characterize the intensity of
staining along a region of interest, a “Plot Profile” command was used. To correct for auto-
fluorescence of cytoplasmic aggregates in neurons, intensity on DAPI channel was thresholded
to highlight the cytoplasmic aggregates that were excluded from a region of interest (ROI) by
using ROI manager in Fiji software. To analyze the intensity of CB2 receptor staining in mark-
er-positive (ROI) and-negative areas, a marker’s channel was processed by a threshold function
to create a selection for marker-positive and-negative areas; then, average signal intensities for
both areas were measured on a CB2 channel. 3D image reconstruction was performed using
Imaris x 64 7.4.2 software (Bitplane USA, South Windsor, CT).
For construction of figures with multiple panels, files were exported in TIF format to Photo-
shop 13.0.1 x 64 software (Adobe Systems Inc.). To target images for better printing/viewing,
tonality was adjusted by increasing brightness of midtones by Levels, Curves and/or Exposure
commands. Adjustments for images from mice of different genotypes and conditions were
kept the same. Adjusted images were not used for analyses of staining intensities.
Radiosynthesis of [11C]A836339
[11C]A836339 (2,2,3,3-tetramethylcyclopropanecarboxylic acid [3-(2-[11CH3]methyloxyethyl)-
4,5-dimethyl-3H-thiazol-(2Z)-ylidene]amide) was synthesized as described previously [21]. In
brief, no-carrier-added [11C]methyl triflate was synthesized by reaction of silver triflate with
[11C]methyl iodide that was prepared from [11C]CO2 using a Tracerlab FXMeI module (General
Electric) and a PETtrace biomedical cyclotron (General Electric). [11C]Methyl triflate was heated
in a solution of dimethylformamide with nor-methyl-A836339 and appropriate base. [11C]
A836339 was purified by semi-preparative high-performance liquid chromatography (HPLC)
and formulated as a sterile, apyrogenic solution in normal saline with 8% ethanol with a specific
radioactivity of 17,200 ± 5,400 mCi/μmol (n = 11) and radiochemical purity>95%.
Small animal PET experiments
Baseline. A dedicated small animal PET scanner (eXplore VISTA; GE Healthcare) and
small animal CT scanner (X-SPECT/CT; Gamma Medica) were used. In all experiments, the
PET session was conducted for two mice simultaneously with the same batch of [11C]A836339.
One mouse from a pair represented a control group (NTG or no-treatment group) whereas the
CB2 Receptors in ADModel
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other mouse represented an experimental group (transgenic or treatment group). Mice were
induced and anesthetized with isoflurane. Dynamic PET scans were acquired for 30 min (20
sec x 3, 30 sec x 2, 1 min x 2, 2 min x 3, 5 min x 4) immediately after an intravenous bolus injec-
tion of [11C]A836339 (0.11–0.14 mCi, specific radioactivity 8,600 ± 2,100 mCi/μmol). A CT
scan was acquired shortly after the PET scan as a reference for localization of brain regional ra-
diotracer uptake through PET-CT image fusion performed off-line. In all PET experiments, a
250–700 keV energy window was used, and the data were reconstructed using an iterative 2D
ordered-subject expectation-maximization method, using a trans-axial pixel size of 0.4 mm
and axial slice thickness of 0.8 mm [46]. No attenuation and scatter corrections were applied,
as they have relatively small impact on mouse brain imaging.
CB2 binding specificity. In vivo CB2 binding specificity (blocking) PET scans were car-
ried out by subcutaneous (s.c.) administration of 2 mg/kg of AM630 (Tocris, Bristol, UK), a
CB2 selective inverse agonist, followed by i.v. injection of [11C]A836339 15 min thereafter, sim-
ilar to the baseline experiments above. The blocker was dissolved in a water-dimethylsulfoxide
(DMSO) mixture (1:1) and injected in a volume of 0.1 mL. Control animals were injected with
0.1 mL of the vehicle.
In vitro binding assay of A836339 and NE40. The assay was done in duplicate commer-
cially by CEREP (France) using stably transfected CHO cells with human CB2 receptor and a
radioligand, [3H]WIN55212-2, as previously described [47].
PET image analysis
Image analysis was performed using the software package PMOD (v3.3, PMOD Technologies
Ltd). For each study, first, the reconstructed PET and CT brain images were co-registered;
next, the existing Mouse Brain template volumes of interest (VOIs) [48, 49] were “morphed” to
match the brain image of the fused PET-CT; finally, the pre-defined VOIs were then applied to
the dynamic PET data to generate time-activity curves (TACs) as well as regional standardized
uptake values [SUV = (tissue radioactivity concentration/injected dose) x body weight] in se-
lected time windows. Those TACs and SUVs were subsequently compared between different
animals (e.g., control vs. AD mice).
Statistical analyses
The immunofluorescence data of staining intensities were analyzed using analyses of variance
(ANOVA) with the statistical package STATISTICAx64 10 (StatSoft, Inc., Tulsa, OK) and a
minimal level of significance for effects of interactions p<0.05. One-way ANOVA was used for
comparisons of staining intensities in different regions of interest (ROI) with background.
One-way ANOVA was also used for analysis of plot profile intensities at different distances
from a core of Aβ plaque. Two-way ANOVA was utilized to analyze CB2 staining intensities in
different groups of mice (non-transgenics vs AD mice) and ROIs (NeuN-, CD68-, and GFAP-
positive areas). LSD post-hoc tests were applied to a significant Group x ROI interaction. One-
way ANOVA was used for comparisons of PET experiments.
Results
CB2 receptors are expressed in neurons of the AD mouse model and
AD human cases
Our expectation that an AD mouse model would have CB2 receptors expressed by neurons
was based on earlier findings of such expression in non-transgenic mice/rats, as well as in mod-
els of other neurodegenerative diseases and neuroinflammation [40, 50, 51] [52] [53].
CB2 Receptors in ADModel
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Using brain slices of 12-mo old J20 APP mice we performed CB2 immunostaining with
H60 antibody and DAPI counterstaining. Noticeable accumulation of CB2 signal was observed
in neuronal cytoplasm and some dendrites as shown for pyramidal neurons of CA3 area of the
hippocampus (Fig 1A). In J20APP mice lacking CB2 receptor (J20;CNR-/- mice) neuronal
staining was on the level of background (Fig 1A, right panel). Mice lacking CB2 receptor, how-
ever, revealed the presence of some fluorescent aggregates localized in perinuclear areas of big
neurons. These aggregates were visible through different channels (green and far red, not
Fig 1. Expression of CB2 receptors in neurons of the hippocampus in a mousemodel of amyloidosis
(12-mo old J20 APPmice) (A) and in a patient with Alzheimer’s disease (B). (A) Representative confocal
images of double immunostaining using DAPI (blue) and CB2 R antibody (H60, Santa Cruz) (red). CA3 area
of the hippocampus is shown. To check for specificity of H60 antibody J20 mice were used that either have
both (left) or no copies (right) of a CNR2 gene that encodes for CB2 receptor. (B) Confocal images of CB2
staining (b1: red, H60) in neurons of the hippocampus from postmortem brain of a patient with AD. Blue
channel was used for detection of DAPI staining (b2: blue). Note the presence of some fluorescent
aggregates localized in perinuclear areas of big neurons (shown as pseudo green). These aggregates were
visible through different channels (blue, green and far red) suggesting that autofluorescence could be a
possible source of these signals. Green and far red channels were used to detect these non-specific signals
(b2). b3 shows the composite of b1 and b2. b4 shows the composite of the four channels for an image stained
only with secondary antibody. Note the presence of fluorescent granules positive on all channels (white
color). Scale in A and B is 10 μm.
doi:10.1371/journal.pone.0129618.g001
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shown) suggesting that the autofluorescence could be a possible source of these signals. Similar
pattern of staining was observed in hippocampal neurons of 12-mo old APPswe/PS1ΔE9 mice
(S1 Fig).
In slices of the hippocampus in human cases with AD, H60 CB2 antibody revealed cyto-
plasmic and some dendritic staining in neurons (Fig 1B) similar to that in the AD mouse
model (Fig 1A). Small aggregates with non-specific staining were observed over wide range of
spectrum and were present on different channels after staining with only secondary antibody
(Fig 1B) confirming autofluorescent nature of this signal in aged brain tissue. Our attempts to
decrease the autofluorescence from cytoplasmic aggregates by pretreating the slices with Sudan
Black unfortunately resulted in overall weak immunostaining (not shown). For the purposes of
quantification of neuronal CB2 staining, the autofluorescence signal was then corrected by
masking the DAPI-positive cytoplasmic granules.
Similar pattern of staining was observed in cortical neurons of 12-mo old APPswe/PS1ΔE9
mice (Fig 2). After correction for autofluorescence, analyses of CB2 immunoreactivity con-
firmed a significantly increased CB2 signal in NeuN positive areas as compared to NeuN nega-
tive areas (Fig 2D). In addition to the anti-CB2 antibody described so far (Santa Cruz H60
raised against C-terminus of CB2), we used a second anti-CB2 antibody raised against N-ter-
minus of CB2 (Cayman # 10155). The immunospecificity of latter was confirmed in the mice
lacking the N-terminus of CB2 receptor [41]. The immunostaining of APPswe/PS1ΔE9 brains
with Cayman antibody revealed CB2 immunoreactivity in cytoplasm of pyramidal neurons
Fig 2. CB2 immunoreactivity in neurons of the cortex andmotor trigeminal nucleus of 12 mo-old
APPswe/PS1ΔE9 transgenicmice. Representative confocal images of cortical neurons (upper panels) and
neurons of the motor trigeminal nucleus (lower panels) with double immunostaining using NeuN (green; A)
and CB2 R (red, H60: B) primary antibodies. Scale is 15 μm. C. Example of neuronal bodies visualized by
NeuN (green). The neuron outlines were transferred to CB2 channel (red). Note cytoplasmic granules
(pseudo-yellow) with autofluorescence visible on DAPI channel (not shown). The areas occupied by such
granules were not considered in the analyses of CB2 immunoreactivity. Scale is 5 μm. D. Quantification of
CB2 densities (integrated intensities/area) in NeuN-positive and –negative areas. Signal intensities were
averaged across 30 non-overlapping fields (n = 2 mice). * and ** indicate significant differences in CB2
signal between NeuN-positive areas and background, p<0.01 and 0.001, respectively (ANOVA).
doi:10.1371/journal.pone.0129618.g002
CB2 Receptors in ADModel
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similar to H60 antibody and more pronounced staining of dendrites (S2 Fig). Both antibodies
resulted in relatively high background staining in cortical and hippocampal areas. To confirm
that insufficient optimization of staining protocols was not a reason for low discrimination, we
used the same slices and quantified neuronal CB2 signal in the motor trigeminal nucleus. This
nucleus served as an example of the first areas of the CNS (brainstem nuclei) where presence of
neuronal CB2 receptors was detected [41]. Differences in CB2 immunoreactivity between
NeuN positive—and NeuN negative-areas were much more dramatic in the brainstem nucleus
than in the cortex mainly due to lower background in the former (Fig 2). This finding indicated
that the relatively high background of CB2 staining in the cortex as well as in the hippocampus
is likely a characteristic of the structure (possibly to due richer neuropil) rather than due to in-
sufficient optimization of the staining protocols.
CB2 receptors are expressed by microglia of the ADmouse model
It is well documented that CB2 receptors are abundantly expressed in peripheral immune tis-
sues [54–57]. There are also a number of observations reporting increased CB2 expression in
plaque-associated microglia in AD brains and brains of patients with Down’s syndome-associ-
ated Aβ amyloidosis [26, 58].
APPswe/PS1ΔE9 transgenic mice showed CB2 immunolabeling consistent with these find-
ings (Fig 2). As shown in representative epifluorescent images of CA3 areas of the hippocam-
pus, CB2 immunoreactivity increased over neuronal layers as well as in some neuron-free areas
being particularly high around Aβ amyloid plaques (Fig 2A, arrow). In neuron-free areas, CB2
signal was low in non-transgenic controls (Fig 2A and 2B).
We stained brain slices from 12 mo-old APPswe/PS1ΔE9 transgenic mice with CB2 anti-
body (H60) and CD68 antibody, a commonly used phenotypic marker for microglia that re-
flects expression of a lysosomal proteins [59, 60]. Double CB2+CD68 immunostaining
revealed prominent CB2 labeling that overlapped with CD68-positive marker (Fig 3A–3C).
Double CD68 and CB2-labeled cells showed morphological features of activated microglia,
with amoeboid large cell bodies and few thick processes (Fig 3C). Quantitative analysis of CB2
intensities in CD68-positive areas showed a significantly higher signal in microglial cells as
compared with CD68-negative areas (Fig 3D).
The core of Aβ amyloid plaques lacked CB2 signal (Fig 3A and 3C). To visualize the core
plaques we used co-staining with DAPI instead of typical Thioflavin-S staining, for the reason
that latter induced a weak fluorescent signal on more than one channel. 3D reconstruction of
DAPI and Thioflavin-S stainings showed that DAPI marks the core of thioflavin-S positive pla-
ques (not shown). Quantification of CB2 signal along the drawing line from the core of DAPI-
positive plaques to periphery (Fig 3E) revealed a significant effect of distance from the plaque
center (one-way ANOVA, F(1,6) = 42.10, p<0.0001). Plaques used in the analyses had radiuses
ranging from ~7 to 15 μm and a minimum of CB2 signal was located in the core common for
all plaques (~7 μm radius, Fig 3F).
CB2-positive microglial cell bodies and their processes directed toward the core of Aβ pla-
ques formed characteristic star-like structures that were observed throughout different brain
structures including the cortex (Fig 3A–3C), hippocampus (Fig 4A), olfactory bulb, and thala-
mus (not shown). A closer examination of the CB2 staining pattern in microglial cells revealed
low signal in the nucleus and higher, easily identifiable, staining in the cytoplasm of the cell
body as judged by its overlap with the CD68 lysosomal marker (Fig 4B and 4C). The maximum
of CB2 signal in the microglial cell body, however, was located ~1.5 μm to the periphery of the
CD68-positive area of the cytoplasm (Fig 4C), implying that some CB2 receptors are likely lo-
cated on the plasma membrane. The pattern of CB2 staining along microglial processes was
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more difficult to grasp on 2D plane images. Nevertheless CB2 staining at the end of microglial
processes was more robust and detectable in 2D (Fig 4B and 4D). The endings of the microglial
processes formed plate–like structures immediately adjacent to the core of Aβ plaques (Fig 4E).
Close proximity of these specialized regions of microglial processes to their intended phago-
cytic target (plaque) made them analogous to an engulfment synapse observed during an inter-
action of the phagocyte and apoptotic cell [61]. CB2 receptor immunoreactivity was located
inside of such engulfment synapses, mostly at the distal end of CD68-positive microglial
processes and in close proximity to the core of a plaque (Fig 4B, 4D and 4E). This pattern of
distribution of CB2 receptors created an impression of a CB2-positive halo around Aβ plaques
(Fig 4A).
Comparison of CB2 expression in neurons, microglia, and astrocytes
The double immunostaining of CB2 receptors with neuronal (NeuN) or microglial (CD68)
markers revealed a significantly stronger CB2 signal in neurons and microglia as compared to
Fig 3. CB2 receptors are expressed in microglial cells and do not accumulate in Aβ plaques of
APPswe/PS1ΔE9mice. A representative confocal image of staining for CB2 receptors (green, H60
antibody) in the cortex of 12 mo-old transgenic mice. (B) An overlap of red (CD68) and blue (DAPI) channels
for the image shown in A. Note a characteristic gathering of activated microglia around an amyloid plaque
(marked by an asterisk). (C) An overlap of channels shown in A-B. Note that areas with high CB2 intensities
overlap with CD68-positive areas. White rectangle shows an example of areas used for quantifications
presented in E-F. Scale bar is 15 μm. (D) Quantification of CB2 densities (integrated intensities/area) in
CD68-positive and –negative areas. 26 areas like that shown in A-C were used for the quantification (n = 2
transgenic mice). Asterisk indicates a significant difference between CD68+ and CD68- areas (one-way
ANOVA, p<0.0001). (E) A scatterplot of CB2 and DAPI intensities as a function of distance from the center of
an Aβ plaque with radius ~10 μm. Note low CB2 signal in the core of the plaque. CB2 and DAPI intensities
were normalized (%) to a maximum signal on each channel. An example of an area used for calculations is
shown by a white rectangle in C. (F) Quantification of CB2 signal at different distances from a plaque center.
4–6 slices of z stacks from five plaques (range of radiuses 7–15 μm) were used in one-way ANOVA.
Asterisks indicate a significant increase (p<0.0001, post-hoc test) in CB2 intensities as compared to the core
of plaques (radius 7 μm).
doi:10.1371/journal.pone.0129618.g003
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background (Figs 2, 3 and 4). The additional potential source of CB2 signal could come from
astrocytes [11, 62, 63]. To compare CB2 expression in neurons, microglia, and astrocytes we
performed co-staining the APPswe/PS1ΔE9 brain slices for CB2 receptor (H60 antibody) with
three cellular markers (NeuN, CD68, and GFAP) and DAPI counterstaining for cell nuclei lo-
calization. Because only four lasers were available on our confocal microscope, we used the
same fluorochrome for NeuN and GFAP labeling. Due to obvious morphological differences
between neurons and astrocytes as well as differences in the intensity of GFAP and NeuN
Fig 4. Localization of CB2 receptors in microglial cells and engulfment synapses. (A) A confocal image
of CB2 (green) and CD68 staining (red) centered at the core of an Aβ plaque (marked by an asterisk). Note a
region of high intensity for CB2 and CD68 staining around the plaque implying that CB2 receptors are
localized in microglial processes surrounding the plaque. Scale 15 μm. (B) A magnification of a microglia cell
body (red) and its process (red) forming an engulfment synapse on a dense core amyloid plaque (marked by
an asterisk, DAPI). Note CB2 receptor staining along the edge of CD68-positive staining and at the
engulfment synapse. White boxes indicate areas used for quantifications in C-D. (C-D) Quantification of CB2,
CD68, and DAPI signals from the image of a microglia cell body (C) and engulfment synapse (D). The
quantification was done using a Plot profile analysis tool (Fiji). Signals were averaged along short axes of
boxes shown in B and normalized to a max value (100%) for each channel. Units of X axis are pixels, scale:
11.1 pixels/ μm. (E) 3D reconstruction of the engulfment synapse shown in B, D. A z stack of 0.31 μm slices
(n = 29) was processed by using a background subtraction function and normalization for each of the
channels. Surfaces for the plaque (DAPI), microglia process (CD68), and CB2 signal were created by
arbitrary thresholding at an upper third of intensity distributions. Note high intensities of CB2 signals are
located between CD68 and DAPI surfaces. Insert shows orientation of a 3D window as related to a position of
the brain slide.
doi:10.1371/journal.pone.0129618.g004
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 11 / 23
signals (Fig 5A) we were able successfully discriminate between these two types of cells (Fig 5C;
S3 Fig).
The two-way ANOVA with Genotype as main factor and Cell Marker as repeated measures
yielded a significant effect of Genotype (F(1,101) = 47.33, p<0.0001), Cell Marker (F(2,101) =
22.90, p<0.00001) and their interaction (F(2,101) = 9.93, p<0.0005) (Fig 5B). The maximum
Fig 5. Comparison of CB2 immunoreactivity in neurons, activatedmicroglia and astrocytes. (A)
Representative confocal images from the cortex of 12 mo-old non-transgenic (NTG) and APPswe/PS1ΔE9
transgenic (AD) mice stained with a CB2 receptor antibody (H60sc; left columns; green) and markers for
neurons (NeuN, far red), activated microglia (CD68, red), and astrocytes (GFAP, far red). Brain slides were
counterstained with DAPI shown with a grey pseudo color. Note substantial micro- and astro-gliosis in the
cortex of the ADmouse brain. In the NTGmice, CD68+ and/or GFAP+ areas were rare (indicated in the upper
right panel by an arrowhead and arrow, respectively). (B) Quantification of densities (+-SEM) for CB2
receptor immunoreactivity (integrated intensities/area) in areas positive for NeuN, CD68, and GFAPmarkers.
Densities were averaged over 22 (AD) and 14 (NTG) images of the cortex as shown in A (n = 2 mice per
genotype). Single and double asterisks indicate a significant difference between NTG and AD groups as a
result of LSD post-hoc test with p levels <0.01 and 0.0001, respectively. Arcs indicate non-significant (NS)
differences. Single and double pound signs (p levels <0.05 and 0.001) indicate markers that correspond to
the highest CB2 density in the NTG (blue sign) or AD (red sign) groups (LSD post-hoc test). Solid black line at
the level of 4,930 shows average densities for the background. (C) An example of NeuN (blue), CD68 (red),
and GFAP (green) masks from the AD image shown in A. NeuNmasks were drawn by hand as shown in Fig
2C; masks for CD68 and GFAP were created by a threshold function. Black area represents background.
Scale is 15 μm.
doi:10.1371/journal.pone.0129618.g005
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intensity of the CB2 signal in the NTG mice was originated from neurons (p<0.001 as com-
pared to astroglia, LSD post hoc test). The CB2 signal in the CD68+ ROI was only marginally
increased as compared to GFAP+ ROI (p>0.05, LSD post-hoc). Importantly, the CB2 signal
derived from astrocytes of the NTGmice was negligible (p>0.23 as compared to the back-
ground, one-way ANOVA). These data indicate that the main source of CB2 signal in the cor-
tex of NTG mice derives from neurons, particularly if taking into consideration that CD68
positive areas have been observed in the brains of NTG mice only on very rare occasions (see
Fig 5A).
In the APPswe/PS1ΔE9 mice, the maximum intensity of the CB2 signal was observed in
microglia (p<0.00001 as compared to astroglia- and neuron-originated signals, LSD post hoc
tests). As compared to the NTG littermates, CB2 intensities were significantly increased in
microglia as well as astrocytes of the APPswe/PS1ΔE9 mice (p<0.0001 and 0.0002, respectively,
one-way ANOVAs). Considering that we didn’t observed increased signal in neurons of the
APPswe/PS1ΔE9 mice, these data indicate that glial cells, and CD68-positive microglia in par-
ticular, could be the sources of CB2 signals in amyloid-bearing mice.
Regional distribution and kinetic studies of [11C]A836339 in AD and
control mice
Small animal PET sessions were carried out in the APPswe/PS1ΔE9 model. APPswe/PS1ΔE9
transgenic mice and non-transgenic control mice were matched in pairs by sex (males) and age
(12 mo of age) and underwent PET scanning simultaneously that allowed to use the same
batch of [11C]A836339 in both animals. Three pairs of mice were used to test for the effect of
group on retention of the tracer (Fig 6). After an i.v. bolus injection, [11C]A836339 rapidly en-
tered the mouse brain. The peak accumulation of 2.30 ± 0.20 SUV (mean of 3, ± SD) was
Fig 6. Baseline SUV PET imaging studies of [11C]A836339 in AD (APPswe/PS1ΔE9model) and control non-transgenic mice (mean, n = 3). 12 mo-
old male mice were used in this study. (A) Representative sagittal PET images averaged over a period 2–10 min. (B) Brain regional time-uptake curves in AD
(red) and control (green) mice. Data: mean SUV ± SD (n = 3 per genotype) (C) Averaged SUV from the same studies. (# p 0.05, ANOVA). Abbreviations:
CTX–cortex; CB–cerebellum, WB–whole brain.
doi:10.1371/journal.pone.0129618.g006
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reached in the whole brain at 0.5–1 min post-injection, followed by washout to 0.67 ± 0.07
SUV at 10 min and 0.22 ± 0.02 SUV at 20 min (Fig 6C). Time-activity curves in whole brain
(WB), cortex (Ctx) and cerebellum (CB) demonstrated comparable kinetics in all
three regions.
The [11C]A836339 radioactivity accumulation in the control mouse brain was lower than
that of APPswe/PS1ΔE9 mice in all three regions studied (WB, Ctx, CB) (Fig 6). These findings
are consistent with the pattern of pathology in this AD model in which age-related deposition
of Aβ amyloid plaques and concomitant microglial activation is observed throughout the fore-
brain and cerebellum (S4 Fig). The increase of SUV uptake was significant at 2–10 min post-in-
jection (Fig 6D) and the control-to-AD average SUV difference was greater in the cerebellum
(43%) and slightly lower in the cortex and whole brain (33–34%). At the later time points (10–
20 min) the difference between the uptake in the cortex of AD and control mice was not signifi-
cant, mainly due to the spillover effect of radioactivity from non-brain organs in the mouse
head. The sagittal baseline PET images of APPswe/PS1ΔE9 and control mouse brain demon-
strate the increased uptake in the AD brain and accumulation of radioactivity in the non-brain
regions of the mouse head (Fig 6A).
Blocking with a selective CB2 inverse agonist, AM630
Previous ex vivo studies demonstrated that [11C]A836339 binding in the AD mouse brain is
specific and mediated by CB2 receptors [21]. Here we confirmed those results in vivo by com-
parison of [11C]A836339 baseline and blockade images in a pair of AD mice (APPswe/PS1ΔE9
model) that were scanned side-by-side. One of the AD mice was scanned after a bolus injection
of baseline PET, whereas the other AD mouse was pre-injected with the selective CB2 inverse
agonist AM630 [64] before the radiotracer administration. The AD mouse injected with the
blocker showed a 2–3 fold reduction of radioactivity uptake in the whole brain (Fig 7) and the
averaged SUV value (2–10 min) in the baseline scan was 1.8 versus 0.65 in the blockade scan
(Fig 7A).
Discussion
In the present study we tested whether CB2 receptors were a suitable target for a PET biomark-
er of neuroinflammation in a mouse model of amyloidosis. In our previous work we used a
CB2 radiotracer, [11C]A836339, to study regional distribution of CB2 in 18 mo-old APPswe/
PS1ΔE9 mice that have Aβ plaque loads comparable to those seen in human cases with ad-
vanced AD [21]. That analysis revealed significant specific binding of [11C]A836339 in the
brain, and particularly, in the cortex [21]. In our present work we demonstrated in PET study
that [11C]A836339 possessed suitable characteristics, such as CB2-mediated brain uptake and
distribution which allow us for discrimination in CB2 retention between 12 mo-old APPswe/
PS1ΔE9 mice and their non-transgenic controls.
The analysis of CB2 PET signal from different sub-regions of the brain revealed equally in-
creased uptake of the radiotracer in the cortex and cerebellum. That is an interesting finding,
given unequal accumulation of Aβ plaques in these brain regions. Regional dynamics of Aβ ac-
cumulation in this mouse model have some similarities to human AD [4], with the hippocam-
pus and cortex being the first structures to show Aβ plaques [30, 65, 66]. The presence of Aβ
plaques in the cerebellum of these mice has previously been reported [66, 67] and is consistent
with the cerebellar pathology observed in familial AD cases with PS1 mutations [67, 68]. The
onset of Aβ accumulation in the cerebellum is 5–6 months later than in the cortex [66, 67].
These characteristics of the model indicate that CB2 PET signal from the cerebellum is induced
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by much earlier stages of Aβ deposition than in the cortex, supporting the notion that CB2 re-
ceptor is suitable as an early marker of Aβ-induced microglial activation.
The detailed immunofluorescence studies of CB2 expression in the APPswe/PS1ΔE9 model
elucidate possible sources of the difference in CB2 PET signal in amyloid-bearing vs. control
mice. By utilizating double or triple immunostaining with different cellular markers, we were
able to observe colocalization of CB2 immunoreactivity in neurons, microglia and astrocytes.
The observation of CB2-positive signal in neurons is in agreement with previously reported
findings of CB2 expression in a number of brain regions of healthy rodent brain [40, 41, 50,
51]. Importantly, densities of CB2 signal associated with neurons were similar between the
APPswe/PS1ΔE9 and control mice. Since this model does not have significant neuronal loss,
these data indicate that neuron-derived signals are an unlikely source of the difference seen in
CB2 PET. In contrast to the case with neurons, densities of CB2 expression associated with
glial, and particularly microglial, markers were significantly higher in the amyloid-bearing
mice than in controls.
Presence of CB2 receptors in activated microglia is well documented in AD and numerous
models of neuroinflammation [26, 58, 69–71], but existence of CB2 receptors in astrocytes is
less acknowledged [11, 62, 63]. In our hands, CB2 signal associated with the astroglial marker
was practically negligible in the brains of control mice, while in the APPswe/PS1ΔE9 mice it
reached levels significantly higher than background. The amyloidosis-associated increase in
the density of CB2 in astroglia was substantially lower than in microglia. Notably, if neuron-
ally-derived CB2 signal had not been excluded from the background, the CB2 signal associated
with astroglia would not have been detectable.
A potential source of CB2 signal in amyloid-bearing mice could be CB2 that has passively
accumulated in amyloid plaques. It is well known that in addition to Aβ peptides, plaques
Fig 7. SUV brain PET of [11C]A836339 in two ADmice (APPswe/PS1ΔE9) in baseline and blockade experiments with AM-630 (2 mg/kg, s.c.), a
selective CB2 inverse agonist. 12 mo-old male mice were used in this study. (A) Whole brain time-uptake curves. Insert: averaged SUV values (2–10 min).
Red–baseline; black–blockade. (B) Sagittal baseline (top) and blockade (bottom) images (2–10 min). This study demonstrates that in vivo binding of [11C]
A836339 in ADmice is specifically mediated by CB2 receptors that is consistent with our previous [11C]A836339 ex vivo studies in ADmice [21].
doi:10.1371/journal.pone.0129618.g007
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attract dozens of different proteins such as APP, Apo E, Clusterin, BRI2, LRP etc [72–74].
However, our immunofluorescent studies showed that CB2 receptor immunoreactivity is very
low inside Aβ amyloid plaques, making it unlikely that there is any significant accumulation of
inert CB2 within plaques.
These data allow for the conclusion that the main source of CB2 PET signals in APPswe/
PS1ΔE9 mice as compared to controls is an increase in CB2 density associated with activated
microglia.
How our preclinical studies with the CB2 radiotracer relate to its potential role as a marker
of neuroinflammation in AD is a matter of future clinical trials. The presence of CB2 immu-
nostaining in both neurons and glia suggests that increased CB2 PET signal retention in
APPswe/PS1ΔE9 mice could reflect total signal coming from both types of cells. In a situation
where there is no neuronal loss (as in the APPSwe/PS1ΔE9 mice), the difference in [11C]
A836339 retention between control and amyloid-bearing mice would likely reflect CB2 recep-
tor activation on microglia. It is possible to speculate that significant neuronal loss could de-
crease CB2 PET signal due to loss of neuronally-derived CB2 receptor. Recently, a group from
Leuven (Belgium) conducted a small clinical trial with a CB2 tracer, [11C]NE40 [18] and re-
ported no differences in the [11C]NE40 binding potential between AD patients and age-
matched controls. One possible explanation for those findings could be the advanced stage of
the disease progression in AD patients involved in the study, as they characterized by signifi-
cant brain atrophy, associated with a decreased number of neurons. It is possible that utiliza-
tion of a CB2 tracer with higher binding affinity might increase the likelihood for detection of
differences between AD patients and controls. For example, in a CB2 in vitro binding assay
under the same conditions, our [11C]A836339 demonstrated higher binding affinity (Ki = 0.75;
1.6 nM) than that of [11C]NE40 (Ki = 5.7; 12 nM), suggesting that [
11C]A836339 may exhibit
higher specific binding in vivo. However, if CB2 PET signal reflects both microglial and neuro-
nal CB2 receptors, an improvement in radiotracer binding affinity will not necessarily translate
to a more accurate measure of microglial activation if used in a setting of significant neuronal
loss. Indeed, the Leuven investigators explained their failure to observe a difference between
AD patients and controls by possible binding of CB2 tracer to neuronally-derived CB2 recep-
tor. That suggestion is in agreement with our preclinical findings and implies that a CB2 radio-
tracer should be used in patients at the early stages of AD when no significant neuronal loss
has being developed yet.
Another interesting finding was the presence of CB2 receptors in engulfment synapses. At
smaller resolution, a halo of increased CB2 density was evident around the plaques due to CB2
presence in the microglial processes contacting the plaque. Such distribution is in agreement
with observations in human AD demonstrating that CB2 is abundantly expressed in microglia
[26] and is associated with Aβ deposition [58]. In our study, 3D reconstruction of the micro-
glial processes in close vicinity to Aβ plaques demonstrated plate- or hand-like structures anal-
ogous to an engulfment synapse, a structure where specialized areas of microglial processes
come into contact with an intended phagocytic target [61, 75, 76]. Maximal densities of CB2 re-
ceptors were observed between picks of CD68 and DAPI markers, implying localization of CB2
receptors at the plasma membrane of microglia forming the engulfment synapse with fibrillar
Aβ. The functional significance of CB2 receptors at the engulfment synapse requires further
study. These findings suggest that CB2 receptors are abundant in such synapses, consistent
with the role of these receptors in phagocytosis. In vitro data documented that pharmacological
activation of CB2 receptors on human macrophages resulted in removal of Aβ plaques from
human AD brain sections [71]. The stimulation of CB2 has also been shown to increase capaci-
ty of microglial cells to phagocytize Aβ1–42 peptide [77]. Recent in vivo studies in animal mod-
els of AD demonstrated an ameliorating effect of CB2 receptor agonists on cognitive deficits in
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these mice that was associated with decreased microglial reactivity, reduced expression of pro-
inflammatory cytokines [78, 79] and some decreases in Aβ accumulation after longer periods
of treatments [79]. Genetic ablation of CB2 receptors in amyloid-producing mice resulted in
opposing but significant effects on Aβ plaque load in different models [80, 81] indicating that
effects of CB2 receptors is likely to depend of the stage of amyloidosis and other factors.
Conclusion
Our study demonstrated that Aβ amyloidosis without concomitant tau pathology is sufficient
to activate CB2 receptors that are suitable as an imaging biomarker of neuroinflammation in
this condition. In particular, the CB2 PET radiotracer [11C]A836339 can be used as an imaging
biomarker of neuroinflammation in a model of AD. Immunofluorescent analysis indicated
that the main source of the difference in CB2 PET signal between amyloid-bearing and control
mice was due to CB2 expression in glial cells, and activated microglia in particular. Amyloid-
bearing mice had neuronal CB2 densities similar to controls. These data in addition to a lack of
significant neuronal loss in this model imply that neuronal CB2 is not likely to contribute to
the enhanced CB2 PET signal. However, it is conceivable that significant loss of neurons as at
later stages of AD might decrease neuron-derived CB2 signal and blur the differences between
controls and AD subjects. This scenario has to be tested in future studies to define stages of dis-
ease progression in which sensitivity of CB2 as a biomarker of neuroinflammation is not affect-
ed by significant loss of neurons.
Supporting Information
S1 Fig. CB2 immunoreactivity in neurons of CA3 area of the hippocampus of 12 mo-old
APPswe/PS1ΔE9 transgenic mouse. Representative confocal images of double immunostain-
ing using NeuN (green; A) and CB2 R (red, H60 Santa Crus antibody; B) primary antibodies.
The section was also counterstained with DAPI (not shown). Panel C shows an example of hip-
pocampal neuron (inserts in A-B). C1 shows CB2 immunostaining (red) with neuronal border.
Note autofluorescent cytoplasmic granules (pseudo-yellow in c1-c2) derived from overlap of
NeuN and DAPI channels (c2). Scale in A-B is 15 μm.
(TIF)
S2 Fig. CB2 immunoreactivity in neurons of the cortex of 12 mo-old APPswe/PS1ΔE9
transgenic mice as revealed by N-terminal CB2 antibody (Cayman # 101550). Representa-
tive confocal images of double immunostaining using NeuN (green) and CB2 R (red) primary
antibodies. The section was also counterstained with DAPI (not shown). Cayman CB2 anti-
body revealed enhanced staining in the cytoplasm of neurons. Also note good tracing of neuro-
nal processes with this CB2 antibody (arrows). Scale is 15 μm.
(TIF)
S3 Fig. Discrimination of neurons and astroglia by using the same fluorochrome. To com-
pare CB2 expression in neurons, microglia, and astrocytes we performed co-staining of the
APPswe/PS1ΔE9 brain slices for CB2 receptor (H60 antibody) with three cellular markers
(NeuN, CD68, and GFAP) and DAPI counterstaining for cell nuclei localization (Fig 5). Be-
cause only four lasers were available on our confocal microscope, we used the same fluoro-
chrome for NeuN and GFAP labeling. Discrimination between neuronal and astroglial CB2
signal was based on morphological differences between neurons and astrocytes as well as differ-
ences in the intensity of GFAP and NeuN signals (Fig 5A). To analyze the rate of errors intro-
duced by using the same fluorochrome for labeling neurons and astroglia, we performed
additional staining of brain slices from 12 mo old APPswe/PS1ΔE9 mice. mouseNeuN and
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mouseGFAP primary antibodies (the same as in Fig 5) were visualized by a single fluoro-
chrome, and signal was digitized through a red channel. Another GFAP primary antibody (rab-
bitGFAP) was visualized by a different fluorochrome, and signal was processed through a
green channel. DAPI was used for labeling nuclei (blue channel). A. Representative confocal
image with neuronal marker (NeuN, red fluorochrome), astroglial marker (Sigma mGFAP; red
fluorochrome) is shown as a composite with DAPI (blue). Outlines of neurons are shown by
yellow lines. B. The same area as in A with another astroglial marker (Dako rbGFAP; green
fluorochrome). The outlines of neurons are transferred from A. Note that cases of overlap be-
tween neuronal outlines and the astroglial marker with separate fluorochrome are very rare. C.
Pie chart of the rate of errors discriminating neurons and astroglia. rbGFAP signal (green fluo-
rochrome, as in B) was filtered (Gaussian Blue) and binarized (IsoData threshold). An overlap
between rbGFAP-positive area and neuronal outlines (as in A) was calculated for total of 21
images from 2 mice. The rate of error (0.9±0.5%) is expressed relative to total neuronal area.
D-E. Examples of binarized (IsoData threshold) signals from mGFAP (red fluorochrome) and
rbGFAP (green fluorochrome). D also show neuronal outlines (white lines) based on NeuN
staining using the same fluorochrome as for mGFAP. Green indicates areas with rbGFAP sig-
nal and yellow shows areas of overlap between rbGFAP and mGFAP signals. Red indicates
areas of mGFAP signal that were not confirmed by rbGFAP antibody (see one of the examples
pointed out by an arrow in D). F. Pie chart showing percent of mGFAP signal on the channel
with dual astroglial and neuronal staining that was not confirmed by rbGFAP signal on a sepa-
rate channel. The total of 31 images from 2 mice was processed as described in C. The rate of
error (4.9±3.0%) is expressed relative to total mGFAP area. Scale in A-B, D-E is 10 μm.
(TIF)
S4 Fig. Presence of Aβ amyloid plaques in the cortex, hippocampus and cerebellum of
APPswe/PS1ΔE9 transgenic (Tg) mice. Representative examples of Thioflavin-S staining are
shown for 11 and 18 mo-old male transgenic mice. Scale is 250 μm.
(TIF)
Acknowledgments
We thank Drs. Charles Eberhart, Barbara Crain, Lee Martin, Richard Wahl, Donald Price,
Amy Huberman for helpful discussions; Stephanie Porter and Da Min Park for help with mice
breeding and genotyping, and Gilbert Green for the PET scanner operation. We are grateful to
Dr. Guy Bormans (KU Leuven, Belgium) for a sample of NE40. We are thankful the JHMI Di-
vision of Comparative Medicine for supportive care of the transgenic mouse models; the Johns
Hopkins School of Medicine Microscope Core Facility (www.hopkinsmedicine.org/micfac/) for
providing access to confocal microscopes acquired by an NIH shared instrumentation grants
NIH Award# S10 RR024550, S10 OD016374; Small Animal Imaging Resource Program (http://
www.hopkinsradiology.org/sairp) for help with PET experiments.
Author Contributions
Conceived and designed the experiments: AS TM AGH. Performed the experiments: AS TM
YW YG AGH. Analyzed the data: AS AGH. Contributed reagents/materials/analysis tools: OP
JT AH JK PD. Wrote the paper: AS TMMGP AGH. Assisted with animal husbandry and PCR
analyses: DL EC. Performed the histological analyses: TM NS. Contributed to the study con-
cept and critical revision of the manuscript: HR JT RFDMGP.
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 18 / 23
References
1. Budson AE, Solomon PR. New criteria for Alzheimer disease and mild cognitive impairment: implica-
tions for the practicing clinician. Neurologist. 2012; 18(6):356–63. doi: 10.1097/NRL.
0b013e31826a998d PMID: 23114667.
2. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of Alzhei-
mer's disease: report of the NINCDS-ADRDAWork Group under the auspices of Department of Health
and Human Services Task Force on Alzheimer's Disease. Neurology. 1984; 34(7):939–44. PMID:
6610841.
3. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas CH, et al. The diagnosis of
dementia due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzhei-
mer's Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement.
2011; 7(3):263–9. doi: 10.1016/j.jalz.2011.03.005 PMID: 21514250; PubMed Central PMCID:
PMC3312024.
4. Morris GH, Nagy Z. Alzheimer's disease. In: Esiri MM, Lee VM-Y, Trojanowsky JQ, editors. The Neuro-
pathology of Dementia. 2nd ed. UK: Cambridge University Press; 2004.
5. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al. Toward defining the preclini-
cal stages of Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's
Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement. 2011; 7
(3):280–92. doi: 10.1016/j.jalz.2011.03.003 PMID: 21514248; PubMed Central PMCID: PMC3220946.
6. Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate A, Fox NC, et al. Clinical and biomarker
changes in dominantly inherited Alzheimer's disease. N Engl J Med. 2012; 367(9):795–804. doi: 10.
1056/NEJMoa1202753 PMID: 22784036; PubMed Central PMCID: PMC3474597.
7. Meyer-Luehmann M, Spires-Jones TL, Prada C, Garcia-Alloza M, de Calignon A, Rozkalne A, et al.
Rapid appearance and local toxicity of amyloid-beta plaques in a mouse model of Alzheimer's disease.
Nature. 2008; 451(7179):720–4. doi: 10.1038/nature06616 PMID: 18256671; PubMed Central PMCID:
PMC3264491.
8. Wyss-Coray T, Rogers J. Inflammation in Alzheimer disease-a brief review of the basic science and
clinical literature. Cold Spring Harb Perspect Med. 2012; 2(1):a006346. doi: 10.1101/cshperspect.
a006346 PMID: 22315714; PubMed Central PMCID: PMC3253025.
9. Lucin KM, O'Brien CE, Bieri G, Czirr E, Mosher KI, Abbey RJ, et al. Microglial beclin 1 regulates retro-
mer trafficking and phagocytosis and is impaired in Alzheimer's disease. Neuron. 2013; 79(5):873–86.
doi: 10.1016/j.neuron.2013.06.046 PMID: 24012002; PubMed Central PMCID: PMC3779465.
10. Benito C, Tolon RM, Pazos MR, Nunez E, Castillo AI, Romero J. Cannabinoid CB2 receptors in human
brain inflammation. Br J Pharmacol. 2008; 153(2):277–85. doi: 10.1038/sj.bjp.0707505 PMID:
17934510; PubMed Central PMCID: PMC2219537.
11. Ruiz-Valdepenas L, Benito C, Tolon RM, Martinez Orgado JA, Romero J. The endocannabinoid system
and amyloid-related diseases. Exp Neurol. 2010; 224(1):66–73. doi: 10.1016/j.expneurol.2010.03.024
PMID: 20353781.
12. Horti AG, Raymont V, Terry GE. Radioligands for imaging of cannabinoid system. In: Dierckx RA,
Paans AMJ, de Vries EFJ, A. vW, editors. PET and SPECT of Neurobiological Systems. Berlin Heidel-
berg Springer-Verlag; 2014, p. 249–320
13. Latta CH, Brothers HM, Wilcock DM. Neuroinflammation in Alzheimer's disease; A source of heteroge-
neity and target for personalized therapy. Neuroscience. 2014. doi: 10.1016/j.neuroscience.2014.09.
061 PMID: 25286385.
14. Evens N, Vandeputte C, Coolen C, Janssen P, Sciot R, Baekelandt V, et al. Preclinical evaluation of
[11C]NE40, a type 2 cannabinoid receptor PET tracer. Nucl Med Biol. 2012; 39(3):389–99. doi: 10.
1016/j.nucmedbio.2011.09.005 PMID: 22154685.
15. Evens N, Vandeputte C, Muccioli GG, Lambert DM, Baekelandt V, Verbruggen AM, et al. Synthesis, in
vitro and in vivo evaluation of fluorine-18 labelled FE-GW405833 as a PET tracer for type 2 cannabinoid
receptor imaging. Bioorg Med Chem. 2011; 19(15):4499–505. doi: 10.1016/j.bmc.2011.06.033 PMID:
21737287.
16. Vandeputte C, Evens N, Toelen J, Deroose CM, Bosier B, Ibrahimi A, et al. A PET brain reporter gene
system based on type 2 cannabinoid receptors. J Nucl Med. 2011; 52(7):1102–9. doi: 10.2967/jnumed.
110.084426 PMID: 21680683.
17. Ahmad R, Koole M, Evens N, Serdons K, Verbruggen A, Bormans G, et al. Whole-body biodistribution
and radiation dosimetry of the cannabinoid type 2 receptor ligand [11C]-NE40 in healthy subjects. Mol
Imaging Biol. 2013; 15(4):384–90. doi: 10.1007/s11307-013-0626-y PMID: 23508466.
18. Postnov A, Ahmad R, Evens N. Quantification of 11C-NE40, a novel PET radioligand for CB2 receptor
imaging. J Nucl Med. 2013; 54 (Suppl 2):188.
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 19 / 23
19. Hortala L, Arnaud J, Roux P, Oustric D, Oury-Donat F, Avenet P, et al. Synthesis and preliminary evalu-
ation of a new fluorine-18 labelled triazine derivative for PET imaging of cannabinoid CB2 receptor.
Bioorg Med Chem Lett. 2013. doi: 10.1016/j.bmcl.2013.11.023 PMID: 24291040.
20. Yao BB, Hsieh G, Daza AV, Fan Y, Grayson GK, Garrison TR, et al. Characterization of a cannabinoid
CB2 receptor-selective agonist, A-836339 [2,2,3,3-tetramethyl-cyclopropanecarboxylic acid [3-(2-
methoxy-ethyl)-4,5-dimethyl-3H-thiazol-(2Z)-ylidene]-amide], using in vitro pharmacological assays, in
vivo pain models, and pharmacological magnetic resonance imaging. J Pharmacol Exp Ther. 2009;
328(1):141–51. doi: 10.1124/jpet.108.145011 PMID: 18931146.
21. Horti AG, Gao Y, Ravert HT, Finley P, Valentine H, Wong DF, et al. Synthesis and biodistribution of
[11C]A-836339, a new potential radioligand for PET imaging of cannabinoid type 2 receptors (CB2).
Bioorg Med Chem. 2010; 18(14):5202–7. doi: 10.1016/j.bmc.2010.05.058 PMID: 20554448; PubMed
Central PMCID: PMC2903661.
22. Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong JS, et al. Systemic LPS causes chronic neuroinflam-
mation and progressive neurodegeneration. Glia. 2007; 55(5):453–62. doi: 10.1002/glia.20467 PMID:
17203472; PubMed Central PMCID: PMC2871685.
23. Jankowsky JL, Fadale DJ, Anderson J, Xu GM, Gonzales V, Jenkins NA, et al. Mutant presenilins spe-
cifically elevate the levels of the 42 residue beta-amyloid peptide in vivo: evidence for augmentation of
a 42-specific gamma secretase. HumMol Genet. 2004; 13(2):159–70. doi: 10.1093/hmg/ddh019
PMID: 14645205.
24. Jankowsky JL, Slunt HH, Ratovitski T, Jenkins NA, Copeland NG, Borchelt DR. Co-expression of multi-
ple transgenes in mouse CNS: a comparison of strategies. Biomol Eng. 2001; 17(6):157–65. PMID:
11337275.
25. Mukhopadhyay S, Das S, Williams EA, Moore D, Jones JD, Zahm DS, et al. Lipopolysaccharide and
cyclic AMP regulation of CB(2) cannabinoid receptor levels in rat brain and mouse RAW 264.7 macro-
phages. J Neuroimmunol. 2006; 181(1–2):82–92. doi: 10.1016/j.jneuroim.2006.08.002 PMID:
17045344.
26. Benito C, Nunez E, Tolon RM, Carrier EJ, Rabano A, Hillard CJ, et al. Cannabinoid CB2 receptors and
fatty acid amide hydrolase are selectively overexpressed in neuritic plaque-associated glia in Alzhei-
mer's disease brains. J Neurosci. 2003; 23(35):11136–41. PMID: 14657172.
27. Mucke L, Masliah E, Yu GQ, Mallory M, Rockenstein EM, Tatsuno G, et al. High-level neuronal expres-
sion of abeta 1–42 in wild-type human amyloid protein precursor transgenic mice: synaptotoxicity with-
out plaque formation. J Neurosci. 2000; 20(11):4050–8. PMID: 10818140.
28. Hsia AY, Masliah E, McConlogue L, Yu GQ, Tatsuno G, Hu K, et al. Plaque-independent disruption of
neural circuits in Alzheimer's disease mouse models. Proceedings of the National Academy of Sci-
ences of the United States of America. 1999; 96(6):3228–33. PMID: 10077666; PubMed Central
PMCID: PMC15924.
29. Borchelt DR, Ratovitski T, van Lare J, Lee MK, Gonzales V, Jenkins NA, et al. Accelerated amyloid de-
position in the brains of transgenic mice coexpressing mutant presenilin 1 and amyloid precursor pro-
teins. Neuron. 1997; 19(4):939–45. PMID: 9354339.
30. Liu Y, Yoo MJ, Savonenko A, Stirling W, Price DL, Borchelt DR, et al. Amyloid pathology is associated
with progressive monoaminergic neurodegeneration in a transgenic mouse model of Alzheimer's dis-
ease. J Neurosci. 2008; 28(51):13805–14. doi: 10.1523/JNEUROSCI.4218-08.2008 PMID: 19091971.
31. Savonenko A, Xu GM, Melnikova T, Morton JL, Gonzales V, Wong MP, et al. Episodic-like memory def-
icits in the APPswe/PS1dE9 mouse model of Alzheimer's disease: relationships to beta-amyloid depo-
sition and neurotransmitter abnormalities. Neurobiology of disease. 2005; 18(3):602–17. Epub 2005/
03/10. doi: 10.1016/j.nbd.2004.10.022 PMID: 15755686.
32. Golde TE, Schneider LS, Koo EH. Anti-abeta therapeutics in Alzheimer's disease: the need for a para-
digm shift. Neuron. 2011; 69(2):203–13. doi: 10.1016/j.neuron.2011.01.002 PMID: 21262461; PubMed
Central PMCID: PMC3058906.
33. Durand D, Carniglia L, Beauquis J, Caruso C, Saravia F, Lasaga M. Astroglial mGlu3 receptors pro-
mote alpha-secretase-mediated amyloid precursor protein cleavage. Neuropharmacology. 2014;
79:180–9. doi: 10.1016/j.neuropharm.2013.11.015 PMID: 24291464.
34. Melnikova T, Savonenko A, Wang Q, Liang X, Hand T, Wu L, et al. Cycloxygenase-2 activity promotes
cognitive deficits but not increased amyloid burden in a model of Alzheimer's disease in a sex-dimor-
phic pattern. Neuroscience. 2006; 141(3):1149–62. doi: 10.1016/j.neuroscience.2006.05.001 PMID:
16753269.
35. Pan XD, Zhu YG, Lin N, Zhang J, Ye QY, Huang HP, et al. Microglial phagocytosis induced by fibrillar
beta-amyloid is attenuated by oligomeric beta-amyloid: implications for Alzheimer's disease. Mol Neu-
rodegener. 2011; 6:45. doi: 10.1186/1750-1326-6-45 PMID: 21718498; PubMed Central PMCID:
PMC3149591.
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 20 / 23
36. Zelcer N, Khanlou N, Clare R, Jiang Q, Reed-Geaghan EG, Landreth GE, et al. Attenuation of neuroin-
flammation and Alzheimer's disease pathology by liver x receptors. Proceedings of the National Acade-
my of Sciences of the United States of America. 2007; 104(25):10601–6. doi: 10.1073/pnas.
0701096104 PMID: 17563384; PubMed Central PMCID: PMC1890560.
37. Morgan D, Gordon MN, Tan J, Wilcock D, Rojiani AM. Dynamic complexity of the microglial activation
response in transgenic models of amyloid deposition: implications for Alzheimer therapeutics. J Neuro-
pathol Exp Neurol. 2005; 64(9):743–53. PMID: 16141783.
38. Buckley NE, McCoy KL, Mezey E, Bonner T, Zimmer A, Felder CC, et al. Immunomodulation by canna-
binoids is absent in mice deficient for the cannabinoid CB(2) receptor. Eur J Pharmacol. 2000; 396(2–
3):141–9. PMID: 10822068.
39. Melnikova T, Fromholt S, Kim H, Lee D, Xu G, Price A, et al. Reversible pathologic and cognitive pheno-
types in an inducible model of Alzheimer-amyloidosis. J Neurosci. 2013; 33(9):3765–79. doi: 10.1523/
JNEUROSCI.4251-12.2013 PMID: 23447589; PubMed Central PMCID: PMC3711622.
40. Onaivi ES, Ishiguro H, Gong JP, Patel S, Meozzi PA, Myers L, et al. Functional expression of brain neu-
ronal CB2 cannabinoid receptors are involved in the effects of drugs of abuse and in depression. Ann N
Y Acad Sci. 2008; 1139:434–49. doi: 10.1196/annals.1432.036 PMID: 18991891.
41. Van Sickle MD, Duncan M, Kingsley PJ, Mouihate A, Urbani P, Mackie K, et al. Identification and func-
tional characterization of brainstem cannabinoid CB2 receptors. Science. 2005; 310(5746):329–32.
doi: 10.1126/science.1115740 PMID: 16224028.
42. Cecyre B, Thomas S, Ptito M, Casanova C, Bouchard JF. Evaluation of the specificity of antibodies
raised against cannabinoid receptor type 2 in the mouse retina. Naunyn Schmiedebergs Arch Pharma-
col. 2014; 387(2):175–84. doi: 10.1007/s00210-013-0930-8 PMID: 24185999.
43. Marchalant Y, Brownjohn PW, Bonnet A, Kleffmann T, Ashton JC. Validating Antibodies to the Canna-
binoid CB2 Receptor: Antibody Sensitivity Is Not Evidence of Antibody Specificity. J Histochem Cyto-
chem. 2014; 62(6):395–404. doi: 10.1369/0022155414530995 PMID: 24670796.
44. Dowie MJ, Grimsey NL, Hoffman T, Faull RL, Glass M. Cannabinoid receptor CB2 is expressed on vas-
cular cells, but not astroglial cells in the post-mortem human Huntington's disease brain. J Chem Neu-
roanat. 2014. doi: 10.1016/j.jchemneu.2014.06.004 PMID: 24978314.
45. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9(7):676–82. doi: 10.1038/nmeth.2019
PMID: 22743772.
46. Wang Y, Seidel J, Tsui BM, Vaquero JJ, Pomper MG. Performance evaluation of the GE healthcare eX-
plore VISTA dual-ring small-animal PET scanner. J Nucl Med. 2006; 47(11):1891–900. PMID:
17079824.
47. Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a peripheral receptor for cannabi-
noids. Nature. 1993; 365(6441):61–5. doi: 10.1038/365061a0 PMID: 7689702.
48. Ma Y, Hof PR, Grant SC, Blackband SJ, Bennett R, Slatest L, et al. A three-dimensional digital atlas da-
tabase of the adult C57BL/6J mouse brain by magnetic resonance microscopy. Neuroscience. 2005;
135(4):1203–15. doi: 10.1016/j.neuroscience.2005.07.014 PMID: 16165303.
49. Mirrione MM, Schiffer WK, Fowler JS, Alexoff DL, Dewey SL, Tsirka SE. A novel approach for imaging
brain-behavior relationships in mice reveals unexpected metabolic patterns during seizures in the ab-
sence of tissue plasminogen activator. Neuroimage. 2007; 38(1):34–42. doi: 10.1016/j.neuroimage.
2007.06.032 PMID: 17707126; PubMed Central PMCID: PMC2084071.
50. Gong JP, Onaivi ES, Ishiguro H, Liu QR, Tagliaferro PA, Brusco A, et al. Cannabinoid CB2 receptors:
immunohistochemical localization in rat brain. Brain Res. 2006; 1071(1):10–23. doi: 10.1016/j.brainres.
2005.11.035 PMID: 16472786.
51. Atwood BK, Mackie K. CB2: a cannabinoid receptor with an identity crisis. Br J Pharmacol. 2010; 160
(3):467–79. doi: 10.1111/j.1476-5381.2010.00729.x PMID: 20590558; PubMed Central PMCID:
PMC2931549.
52. Zhang HY, Gao M, Liu QR, Bi GH, Li X, Yang HJ, et al. Cannabinoid CB2 receptors modulate midbrain
dopamine neuronal activity and dopamine-related behavior in mice. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2014; 111(46):E5007–15. doi: 10.1073/pnas.
1413210111 PMID: 25368177; PubMed Central PMCID: PMC4246322.
53. den Boon FS, Chameau P, Schaafsma-Zhao Q, van AkenW, Bari M, Oddi S, et al. Excitability of pre-
frontal cortical pyramidal neurons is modulated by activation of intracellular type-2 cannabinoid recep-
tors. Proceedings of the National Academy of Sciences of the United States of America. 2012; 109
(9):3534–9. doi: 10.1073/pnas.1118167109 PMID: 22331871; PubMed Central PMCID: PMC3295302.
54. Lynn AB, HerkenhamM. Localization of cannabinoid receptors and nonsaturable high-density cannabi-
noid binding sites in peripheral tissues of the rat: implications for receptor-mediated immune modulation
by cannabinoids. J Pharmacol Exp Ther. 1994; 268(3):1612–23. PMID: 8138973.
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 21 / 23
55. Galiegue S, Mary S, Marchand J, Dussossoy D, Carriere D, Carayon P, et al. Expression of central and
peripheral cannabinoid receptors in human immune tissues and leukocyte subpopulations. Eur J Bio-
chem. 1995; 232(1):54–61. PMID: 7556170.
56. Berdyshev EV. Cannabinoid receptors and the regulation of immune response. Chem Phys Lipids.
2000; 108(1–2):169–90. PMID: 11106790.
57. Sugiura T, Waku K. 2-Arachidonoylglycerol and the cannabinoid receptors. Chem Phys Lipids. 2000;
108(1–2):89–106. PMID: 11106784.
58. Nunez E, Benito C, Tolon RM, Hillard CJ, Griffin WS, Romero J. Glial expression of cannabinoid CB(2)
receptors and fatty acid amide hydrolase are beta amyloid-linked events in Down's syndrome. Neuro-
science. 2008; 151(1):104–10. doi: 10.1016/j.neuroscience.2007.10.029 PMID: 18068305.
59. Graeber MB, Streit WJ, Kiefer R, Schoen SW, Kreutzberg GW. New expression of myelomonocytic an-
tigens by microglia and perivascular cells following lethal motor neuron injury. J Neuroimmunol. 1990;
27(2–3):121–32. PMID: 2332482.
60. Tomita M, Yamamoto K, Kobashi H, Ohmoto M, Tsuji T. Immunohistochemical phenotyping of liver
macrophages in normal and diseased human liver. Hepatology. 1994; 20(2):317–25. PMID: 7519162.
61. Sierra A, Abiega O, Shahraz A, Neumann H. Janus-faced microglia: beneficial and detrimental conse-
quences of microglial phagocytosis. Front Cell Neurosci. 2013; 7:6. doi: 10.3389/fncel.2013.00006
PMID: 23386811; PubMed Central PMCID: PMC3558702.
62. Esposito G, Iuvone T, Savani C, Scuderi C, De Filippis D, Papa M, et al. Opposing control of cannabi-
noid receptor stimulation on amyloid-beta-induced reactive gliosis: in vitro and in vivo evidence. J Phar-
macol Exp Ther. 2007; 322(3):1144–52. doi: 10.1124/jpet.107.121566 PMID: 17545311.
63. ShengWS, Hu S, Min X, Cabral GA, Lokensgard JR, Peterson PK. Synthetic cannabinoid WIN55,212–
2 inhibits generation of inflammatory mediators by IL-1beta-stimulated human astrocytes. Glia. 2005;
49(2):211–9. doi: 10.1002/glia.20108 PMID: 15390091.
64. Ross RA, Brockie HC, Stevenson LA, Murphy VL, Templeton F, Makriyannis A, et al. Agonist-inverse
agonist characterization at CB1 and CB2 cannabinoid receptors of L759633, L759656, and AM630. Br
J Pharmacol. 1999; 126(3):665–72. doi: 10.1038/sj.bjp.0702351 PMID: 10188977; PubMed Central
PMCID: PMC1565857.
65. Jankowsky JL, Melnikova T, Fadale DJ, Xu GM, Slunt HH, Gonzales V, et al. Environmental enrichment
mitigates cognitive deficits in a mouse model of Alzheimer's disease. J Neurosci. 2005; 25(21):5217–
24. doi: 10.1523/JNEUROSCI.5080-04.2005 PMID: 15917461.
66. Perez SE, Berg BM, Moore KA, He B, Counts SE, Fritz JJ, et al. DHA diet reduces AD pathology in
young APPswe/PS1 Delta E9 transgenic mice: possible gender effects. J Neurosci Res. 2010; 88
(5):1026–40. doi: 10.1002/jnr.22266 PMID: 19859965; PubMed Central PMCID: PMC3118087.
67. Sepulveda-Falla D, Barrera-Ocampo A, Hagel C, Korwitz A, Vinueza-Veloz MF, Zhou K, et al. Familial
Alzheimer's disease-associated presenilin-1 alters cerebellar activity and calcium homeostasis. J Clin
Invest. 2014; 124(4):1552–67. doi: 10.1172/JCI66407 PMID: 24569455; PubMed Central PMCID:
PMC3973081.
68. Sepulveda-Falla D, Glatzel M, Lopera F. Phenotypic profile of early-onset familial Alzheimer's disease
caused by presenilin-1 E280A mutation. J Alzheimers Dis. 2012; 32(1):1–12. doi: 10.3233/JAD-2012-
120907 PMID: 22766738.
69. Cabral GA, Raborn ES, Griffin L, Dennis J, Marciano-Cabral F. CB2 receptors in the brain: role in cen-
tral immune function. Br J Pharmacol. 2008; 153(2):240–51. doi: 10.1038/sj.bjp.0707584 PMID:
18037916; PubMed Central PMCID: PMC2219530.
70. Ashton JC. Cannabinoids for the treatment of inflammation. Curr Opin Investig Drugs. 2007; 8(5):373–
84. PMID: 17520866.
71. Tolon RM, Nunez E, Pazos MR, Benito C, Castillo AI, Martinez-Orgado JA, et al. The activation of can-
nabinoid CB2 receptors stimulates in situ and in vitro beta-amyloid removal by human macrophages.
Brain Res. 2009; 1283:148–54. doi: 10.1016/j.brainres.2009.05.098 PMID: 19505450.
72. Rebeck GW, Reiter JS, Strickland DK, Hyman BT. Apolipoprotein E in sporadic Alzheimer's disease: al-
lelic variation and receptor interactions. Neuron. 1993; 11(4):575–80. PMID: 8398148.
73. Mufson EJ, BenzingWC, Cole GM,Wang H, Emerich DF, Sladek JR Jr., et al. Apolipoprotein E-immu-
noreactivity in aged rhesus monkey cortex: colocalization with amyloid plaques. Neurobiology of aging.
1994; 15(5):621–7. PMID: 7824054.
74. Lemere CA, Blusztajn JK, Yamaguchi H, Wisniewski T, Saido TC, Selkoe DJ. Sequence of deposition
of heterogeneous amyloid beta-peptides and APO E in Down syndrome: implications for initial events
in amyloid plaque formation. Neurobiol Dis. 1996; 3(1):16–32. doi: 10.1006/nbdi.1996.0003 PMID:
9173910.
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 22 / 23
75. Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, Wolf AJ, et al. Activation of the innate im-
mune receptor Dectin-1 upon formation of a 'phagocytic synapse'. Nature. 2011; 472(7344):471–5. doi:
10.1038/nature10071 PMID: 21525931; PubMed Central PMCID: PMC3084546.
76. Underhill DM, Goodridge HS. Information processing during phagocytosis. Nat Rev Immunol. 2012; 12
(7):492–502. doi: 10.1038/nri3244 PMID: 22699831.
77. Ehrhart J, Obregon D, Mori T, Hou H, Sun N, Bai Y, et al. Stimulation of cannabinoid receptor 2 (CB2)
suppresses microglial activation. J Neuroinflammation. 2005; 2:29. doi: 10.1186/1742-2094-2-29
PMID: 16343349; PubMed Central PMCID: PMC1352348.
78. Aso E, Juves S, Maldonado R, Ferrer I. CB2 cannabinoid receptor agonist ameliorates Alzheimer-like
phenotype in AbetaPP/PS1 mice. J Alzheimers Dis. 2013; 35(4):847–58. doi: 10.3233/JAD-130137
PMID: 23515018.
79. Martin-Moreno AM, Brera B, Spuch C, Carro E, Garcia-Garcia L, Delgado M, et al. Prolonged oral can-
nabinoid administration prevents neuroinflammation, lowers beta-amyloid levels and improves cogni-
tive performance in Tg APP 2576 mice. J Neuroinflammation. 2012; 9:8. doi: 10.1186/1742-2094-9-8
PMID: 22248049; PubMed Central PMCID: PMC3292807.
80. Koppel J, Vingtdeux V, Marambaud P, D'Abramo C, Jimenez H, Stauber M, et al. CB2 Receptor Defi-
ciency Increases Amyloid Pathology and Alters Tau Processing in a Transgenic Mouse Model of Alz-
heimer's Disease. Mol Med. 2013; 19:357–64. doi: 10.2119/molmed.2013.00140 PMID: 24408112;
PubMed Central PMCID: PMC3883962.
81. Schmole AC, Lundt R, Ternes S, AlbayramO, Ulas T, Schultze JL, et al. Cannabinoid receptor 2 defi-
ciency results in reduced neuroinflammation in an Alzheimer's disease mouse model. Neurobiology of
aging. 2015; 36(2):710–9. doi: 10.1016/j.neurobiolaging.2014.09.019 PMID: 25443294.
CB2 Receptors in ADModel
PLOS ONE | DOI:10.1371/journal.pone.0129618 June 18, 2015 23 / 23
